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Abstract 
A novel methodology based on the use of low cost CMOS-cameras and pigmented photo-
curable resin has been developed and successfully evaluated under laboratory conditions for 
measuring quantitatively through-thickness impregnation of as-received and spread E-glass 
fibres. Test results showed that as-received PPG fibres exhibit higher impregnation rates when 
compared with as-received Owens Corning fibres. Further tests on spread PPG fibres clearly 
revealed that the spreading process of the fibres results in a dramatic increase of permeability 
and thus significantly faster impregnation rates.  
An innovative monitoring technique also based on the use of CMOS-cameras was 
investigated in parallel for evaluating variations in the thickness and tension of glass fibre 
creels during unwinding. In order to enable the assessment of the novel monitoring technique 
a special test rig was constructed and instrumented with two load cells and the two CMOS-
cameras. Tests were carried out using either centre-pull or external-draw unwinding methods. 
Results have demonstrated that the centre-pull technique creates more variations on the tow 
geometry giving a higher variability in thickness in comparison to external-draw unwinding. 
Furthermore, it was seen that the tow thickness in PPG fibres decreased as the diameter of the 
creel increased.  
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1 Introduction and aims 
1.1 Introduction 
Composites consist of three constitutive components: the matrix, the interface and the 
reinforcement. They can be found in nature and are engineered to meet the design and end-use 
requirements for a broad range of industrial applications. A primary attraction of fibre 
reinforced composites is their high specific properties (ratio of the property of interest to the 
density) and hence, they are desired materials in applications where weight is at a premium.  
This is one reason why they are used extensively in the aerospace, marine and automotive 
sectors. 
 A wide range of production techniques are available for manufacturing composites including, 
filament winding [1], pultrusion [2], resin transfer moulding [3], tape-laying [4], or hand 
layup [5].  Although these production techniques are different, they have some common 
requirements.  For example, the reinforcement has to be impregnated and this applies to both 
thermoset and thermoplastic-based matrices.   
Various techniques can be used to aid the impregnation process including, lowering the 
viscosity of the resin by dilution or increasing the temperature, using a lower fibre tex or 
injecting the resin into the fibre bundle under pressure.  Another approach that can be taken to 
accelerate the impregnation process is to spread the filaments in the bundle.  A method for 
enabling the lateral spreading of the filaments in E-glass was demonstrated recently [6].  The 
factors that were identified in that study as contributing to the ease with which the filaments 
could be spread were as follows: (i) the binder content on the fibres and the homogeneity of 
its distribution; (ii) the uniformity of the dimensions of the as-received fibre bundle and the 
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degree of compaction of the filaments; (iii) the tension (during fibre spreading); and (iv) the 
degree of twists in the bundle. Apart from the intrinsic twists in the bundle due to the 
manufacturing of the fibres (E-glass), in manufacturing processes such as pultrusion, the fibre 
bundle is drawn from the centre of the creel creating a twist in the bundle every time a 
complete revolution is unwound (360°).   
The principle objectives of this project were to develop a low-cost and practical technique to 
monitor the relative dimensions of fibre bundles during processing and also to monitor the 
relative impregnation rates for as-received and spread fibre bundles.  This was achieved by 
splitting the research effort into two distinct areas.   
The first part of the project involved the deployment of a pair of low-cost CMOS 
(complementary metal-oxide semiconductor) microscope cameras (£24 each) to monitor the 
impregnation process when a constant volume of 40 µl of resin was pipetted, from a known 
height and angle, on to the centre of a bundle.  The camera on the top was used to monitor the 
axial and transverse motion of the drop of liquid.  The second camera was positioned at the 
bottom of the bundle and the through-thickness permeation time was estimated. 
The second aspect of this study was associated with the design, construction and evaluation of 
an instrumented rig to measure the tension on the fibres during the spreading process, and to 
detect the variation in the thickness and in the width in real time. 
1.2 Aims and objectives 
The key aims and objectives of this study were: 
(i) To design and construct a rig to house a pair of CMOS microscope cameras and a fibre 
bundle, in order to enable real-time monitoring of the impregnation process. 
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This objective involved building a platform to house a pair of off-the-shelf CMOS-
microscope cameras in a fixed position.  An enclosure was also built to eliminate 
ambient light from interfering with the measurements.  
(ii) To deploy the above-mentioned system for monitoring in real-time the flow-front (axial, 
transverse and through-thickness) of a drop of a photo-curable resin that was deposited 
on the surface of a fibre bundle. 
A major motivation for spreading the filaments in a bundle is to accelerate the rates of 
impregnation in the axial, transverse and through-thickness directions.  The same 
CMOS-microscope camera system mentioned previously, was used to monitor the 
relative positions of the liquid-front.  Here, a known volume of a photo-curable resin 
was dispensed from a pipette on to the top-surface of a fibre bundle.  The relative 
positions of the liquid-front were tracked in real-time using the CMOS-microscope 
camera and custom-written image analysis software.  This study was carried out on as-
received and spread fibres from PPG Industries (UK), and on as-received fibres from 
Owens Corning for comparing the obtained results. In addition, tests were carried out in 
different sections of the creel for understanding if there were any differences depending 
on their position in the creel. 
(iii) To deploy an existing fibre spreading station to spread 2400 Tex E-glass fibres (bundles 
supplied by PPG) and to repeat the experiments detailed in (ii). 
The author was involved in a recent publication where a custom-designed rig was used 
to demonstrate a semi-automatic technique to spread the filament in a bundle of E-glass 
fibres [7]. 
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(iv) To design, construct and calibrate a rig to monitor the tension and to detect the relative 
thickness of the fibre bundle, and the width before and after fibre spreading. 
The rig consisted of a pneumatic cylinder to apply the desired force on the bundle as it 
traversed between a pair of rollers.  The rollers were instrumented with a pair of load-
cells to monitor the tension and lateral forces on the fibre bundle as it is hauled-off.  
This facility enables the relation between the tension and the degree of spreading to be 
correlated.  The rig was also used to investigate if the dimension of the fibre bundle was 
dependent on its relative position on the creel using some fibres from PPG Industries 
(UK). 
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2 Literature review 
The literature review carried out covered the subjects of interest in this project including, the 
resin, reinforcement, impregnation modelling and monitoring, and fibre spreading methods.  
2.1 Epoxy resin systems 
The epoxy resins are used extensively for applications such as coatings, adhesives and 
matrices in composites. There is a broad range of epoxy-based resin systems that can be 
selected for composite materials, where the most commonly used is the diglycidyl ether of 
bisphenol-A (DGEBA) [8]. Another typical resin system that is used when high temperature 
resistance is required is tetraglycidyl-4,4'-diaminodiphenylmethane (TGDDM) [9]. These 
structures are shown in Figure 1. 
 
 
(i) Structure of diglycidyl ether of bisphenol-A (DGEBA) [8]. 
 
 
 
(ii) Tetraglycidyl-4,4'-diaminodiphenylmethane (TGDDM) [9]. 
 
Figure 1 Structure of: (i) DGEBA; and (ii) TGDDM. 
 
With reference to the initiation of the cross-linking or polymerisation reactions, several curing 
agents can be used according to the desired properties. One of the most common curing 
agents or hardeners are amines. With reference to Figure 2, it is generally accepted that two 
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main reactions can occur: the primary (i) and the (ii) secondary amine-epoxy addition 
reactions. However, if the epoxide groups are present in excess, a third reaction can take place 
know as etherification (iii), where a secondary amine reacts with the epoxy ring leading in the 
formation of the tertiary amine group [10]. The generalised reactions are shown in the Figure 
2. 
 
(i) Primary amine-epoxy addition 
 
 
 
 
(ii) Secondary amine-epoxy addition 
 
 
(iii) Etherification 
 
Figure 2 Main reactions that can take place during the cross-linking process: primary (i); secondary 
(ii) amine-epoxy addition; and (iii) etherification [10]. 
 
2.2 Glass fibre manufacture 
The manufacture of glass fibres is a process which can be divided in five different steps as 
follows [11]: batching, melting, fibrerisation, coating and drying/packaging .  
The batching consists of formulating and mixing the proper proportions of different 
components of the glass fibre. In the case of E-glass, the main components are SiO2, AI2O3, 
CaO and MgO [11]. After mixing the components, the mixture is melted in a furnace which is 
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divided into three areas. The first one is about 1400 °C where the glass is melted and 
uniformed.  The second one called refiner where the temperature is approximately 1370 °C. 
The last section is where the glass is drawn forming the filaments [7, 11].  
The fibre drawing stations of the furnace are formed by bushings made of an erosion-resistant 
alloy. These bushing plates have very fine orifices (ranging from 200 to as many as 8,000, 
depending of the desired number of filaments). The temperature within the bushing is 
controlled electronically to maintain a constant glass viscosity. When the filaments exit from 
the bushings at around 1204 °C, air-cooling and fine water-mist jets are applied in order to 
quench the molten “filaments”. In a subsequent station, the filaments are coated with a fluid 
(typically 0.5 to 2 weight % solution) which contains several compounds including the 
coupling agent and lubricants. Downstream, the filaments are then gathered and wound on to 
a cardboard mandrel to form the creel.  The manufacturing process is capable of producing a 
nominal fibre diameter in the range 4-20 µm by controlling a number of processing 
parameters including the fibre haul-off rate [7]. Finally, the creels are dried in an oven prior to 
packaging. 
2.3 Coupling agent 
The coupling agent is necessary because of the lack of chemical affinity of the E-glass surface 
with the epoxy or amine groups in the resin [12]. In other words, coupling agents are used to 
enable chemical bonding between the matrix and the surface of the glass fibres. Silane-based 
materials, generally referred to as organo-silanes are used commonly with reinforcing glass 
fibres. The principle of these coupling agents is that they have two different functional 
groups. The first group can react with the glass surface and/or with other molecules of 
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coupling agent.  The second functional group reacts with the matrix creating covalent bonds 
[12]. 
2.4 Resin impregnation 
The first part of this review considers models that have been used to monitor the impregnation 
process; due to the large number of models reported in the literature to predict the 
impregnation process based on the Darcy equation, the parameters associated with this 
equation such as the permeability coefficient and the pressure gradient will be discussed. The 
second part of this review will describe some of the techniques that have used for monitoring 
the impregnation process and for calculating the permeability. Finally, the different 
approaches which have been used for fibre spreading will be described briefly and discussed. 
2.4.1 Models to predict the behaviour of the impregnation process 
The impregnation process is dependent on a number of factors including the permeability of 
the preform. The modelling of this process has to take into consideration the anisotropy in the 
preform, the variability of the pores size and the uniformity of the binder concentration. These 
non-uniformities across the reinforcement will influence the way the matrix will permeate 
through it. 
The motion of fluids can be described using the second degree differential equation of Navier-
Stokes as shown in Equation 1, 
   (
  
  
     )              Equation 1 [13] 
where ρ is the fluid viscosity, v is the flow velocity, μ is the dynamic viscosity, t is time, p is 
the pressure, and f represents the forces (such as gravity) acting on the fluid. Assuming 
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incompressible Newtonian fluids with a Reynolds number much smaller than 1 (and hence the 
prevalence of viscous forces over the inertial), a simplified version of Equation 1 can be 
obtained, as shown in Equation 2. 
            Equation 2 [13] 
 
Two different approaches have been used for modelling the flow of a resin through the 
preform [14]: the Stokes equation to describe the flow through the inter-tow region and the 
Darcy’s equation to describe the intra-tow resin permeation.  
Solving Stokes equation in a porous media requires the introduction of a structure at the pore-
level as the input [14-16]. This is normally done by the use of virtual models and 
simplifications. The degree of complexity of the utilised geometrical models will depend on 
the available computational power.  
Darcy’s equation has been used by a number of researchers to model the impregnation 
process [16-18]. A common form of Darcy’s equation is presented in Equation 3, where Q is 
the volumetric flow rate, K is the permeability, u is the velocity of the fluid, A is the cross-
sectional area of the reinforcement, µ is the dynamic viscosity of the fluid, L and Δp are the 
thickness and the correspondent pressure drop measured in the fluid movement direction 
through the reinforcement. 
     
 
 
 
  
 
   
  
  
 
 
 
 
  
 
  Equation 3 [16, 18] 
The integration of Equation 2 under certain conditions (considering the factor Δp/L constant 
during the impregnation process) gives Equation 4, which can be used to estimate the 
through-thickness impregnation of a fibre bundle [19]. The analysis of the different factors in 
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Equation 4 can be used for understanding the basic parameters that influence the impregnation 
process. For example (i) the viscosity of the matrix, (ii) the thickness of the fibre bundle, (iii) 
the pressure gradient, (iv) the viscosity/molecular weight of the liquid and (vii) the 
permeability of the reinforcement. 
   
 
  
 
  
  
 Equation 4 [19] 
2.4.1.1 Permeability coefficient 
The permeability of a porous media describes how well a fluid can penetrate through the 
pores or the interstices of the preform. Since porous media are usually anisotropic, the 
permeability is expressed as a tensor, which allows the calculation of the resin flow in any 
direction. The permeability using an orthogonal coordinate system (XYZ) is given by 
Equation 5 [15].  
      [
         
         
         
] Equation 5 [15] 
Gebart [16] obtained empirical values for the permeability of the reinforcement using the 
Darcy’s equation.  He assumed that the fibres were parallel and packed symmetrically in a 
quadratic or hexagonal array. The values obtained for the permeability (K) had two 
components Kx and Ky (parallel and perpendicular to the fibres respectively) as shown in the 
Equation 6 and Equation 7 [16] respectively: 
    
   
 
 
(    )
 
  
   Equation 6 [16] 
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    Equation 7 [16] 
  
where C1 and Vfmax depends on the fibre arragement (quadratic or hexagonal), c is a constant 
which depens on the geometry  and on the arragement of the reinforcement, Vf is the fibre 
volume fraction, Vfmax is the maximum volume fraction (when the fibres are touching each 
other) and R is the radious of the filaments. A simulation of the axial and transverse 
permeability as a function of the fibre volume fraction using  Equation 6 and Equation 7 is 
presented in Figure 3. 
 
Figure 3 Longitudinal and transversal permeability obtained by Gebart’s equation for different levels 
of porosity. 
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A selected summary of other relevant equations for modelling the axial and transverse 
permeability using the Darcy’s equation are summarised in Table 1. These equations also 
assume a a symetrical hexagonal or quadratic arrays of fibres [20, 21].  
Table 1 Summary of selected models for axial and transverse permeability.  Compiled from references 
[18, 22-24], where Pc is the capillary pressure,  is the porosity, ah is the gradient of velocity against 
distance and k is the Kozeny constant. 
Authors Axial permeability Transverse permeability 
Amico and Lekakou 
[24] 
   
  
  
    ________ 
Carman-Kozeny [22] 
   
  
  
 
(    )
 
  
  
________ 
Cai and 
Berdichevsky [23]  
   
  
   
 [  (
 
  
 )  (    )      ]    
  
   
 [  
 
  
 
    
 
    
 ] 
Bruschke and Advani 
[18] 
________ 
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With regard to the use of numerical methods and the Stokes equation, Chen et al. [25] solved 
the Stokes equation assuming a 2-D (the geometry was assumed not to change in the fibre 
direction) randomly oriented bundles generated by the Monte Carlo method. The axial flow 
for porosities from 0.45  to 0.90 in the volume fraction were investigated. The results were 
validated through comparison with theoretical predictions and previously published 
computational results. Nabovati, Llevelling and Sousa [15] used the lattice Boltzmann method 
for the fluid flow simulation and Darcy’s equation to calculate the permeability of the 
medium in a 3-D computerised model.  Differents levels of porosity with cylindrical fibres in 
random orientations were simulated to compute the  permeability; their simulated data  
matched with their experimental data. Chen et al. [14] obtained the main permeability 
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components kxx, kyy and kzz across several geometrical patterns with different levels of 
porosity. They combined the computerised solution of Stokes’s equation with the use of 
Darcy’s equation. Their predicted results were in good agreement with published 
experimental data.  
2.4.1.2 Pressure gradient 
The components of the pressure involved in a generic composite manufacturing process can 
be expressed by Equation 8 [26]: 
                Equation 8 
where Pt is the total pressure, Pm represents the applied mechanical force, Pg introduces the 
effect of gravitational forces, Pv is the force exerted by the vacuum pressure and Pc is the 
capillary pressure. The mechanical and vacuum terms are known and depend on the process 
variables, whilst the gravitational pressure (normally much smaller than the other terms) 
depends on the density of the resin and the geometrical factors. Regarding the capillary 
pressure, in a low-pressure injection-base manufacturing processes, it may be a bigger 
contributor than the other three terms. For some fibres alignment configurations and low 
injection pressure in a fibrous media, the capillary pressure can be calculated using the 
Young-Laplace equation as shown in Equation 9. 
    
      
  
 
 
  
 
     
 
             Equation 9 [26] 
where F is a form factor depending on the fibres alignment and the flow direction, e is the 
porosity of the reinforcing fibrous preform, Dc is the diameter of single filament (in metres), 
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De is the equivalent diameter of pores in a fibrous form (in metres), σ is the surface tension of 
the wetting fluid (in Pa.m) and θ is the contact angle between the liquid and the solid. 
In the particular case of an epoxy resin permeating through an unidirectional E-glass preform, 
Amico and Lekakou [24] stated the form factor “F” to be 4 or 2 for resin flow along or 
perpendicular to the fibres direction respectively. In addition, the value of the contact angle 
and the surface tension were calculated as 57° and 0.044 N/m. 
2.4.2 Impregnation monitoring 
The experiments carried out by previous researchers for obtaining data on the impregnation 
process are described briefly in this section. The techniques employed can be summarised as 
electrical, ultrasonic, optical fibre sensors, visual methods and a combination of them. 
The changes in the electrical characteristics of the media as the capacitance or the resistivity is 
one of the methods used for monitoring the impregnation in resin transfer molding (RTM). 
Schab et al. [27] reported a discrete multi-point sensor system based on the change of the 
conductivity in each node as a sensing method. This methodology was improved by Luthy et 
al. and Matsuzaki et al. [28, 29] who designed a continuous measurement method based on 
the conductivity of two wires along the impregnation direction or on the use of an array of 
sensors mounted on a thin polyimide film as a bottom layer of the laminate respectively. 
Yenilmez and Sozer [30] used a grid of 50 sensors for measuring  the changes in the 
capacitance produced by the resin, obtaining information on the flow of the resin and the 
curing of the matrix. 
Another method reported for measuring permeability involved monitoring the resin flow into 
the reinforcement for a constant inlet pressure [26, 31]; this allows the application of Darcy’s 
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equation to deduce the through-thickness permeability.  However, consideration was not 
given to the influence of anisotropy of the media on the flow characteristics of the resin. 
Ultrasound-based techniques have been used to monitor the through-thickness impregnation 
of glass and carbon fibre fabrics [32, 33]. This involves monitoring the changes in the wave 
velocity as the resin permeates into the reinforcement. 
Partially de-clad optical fibres have been used for monitoring the resin-front during 
impregnation by tracking the changes in the transmitted light intensity [34, 35]. Optical fibre 
sensors have also been used to monitor the variation of other physical parameters such as the 
reflection index [10, 36, 37], which also gives an indication of the evolution on the cross-
linking process. Optical fibres sensors have also been combined with visual techniques for 
monitoring the impregnation process [38]. 
The use of Fourier transform near-infrared spectroscopy (FTIR) by a non-contact scanning 
methodology and statistical data analysis was demonstrated to be capable of monitoring pre-
peg manufacturing processes [39, 40]. Information on the resin content, volatile content or the 
degree of pre-curing of the material was extracted using different statistical methods.  
Image analysis-based techniques have been used extensively for obtaining experimental data 
on the permeability of fabrics. The use of the cameras in conjunction with transparent mould 
covers have been reported for tracking the liquid-front of infused resin (under vacuum) 
through glass fabrics [41, 42]; the data obtained were used to calculate the permeability. 
Schell et al. [43] used a custom-designed transparent mould where a glass fibre tow was fixed 
in different orientations. Visual analysis of the liquid-front as a function of time was used for 
calculating the permeability in specified directions. Another approach for monitoring the 
through-thickness impregnation is the use of coiled tows and/or fabric tape [44] Here, the 
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resin was injected into the preform under a constant injection pressure and the evolution of the 
liquid-front monitored using a simple camera system. The micro-impregnation phenomena at 
the bundle level, using a single tow with a pigmented fluid were tracked using a CMOS 
camera mounted on a microscope [45].  
Visual methods have been combined successfully for a complete study of the impregnation 
process. The use of a camera under controlled inlet pressure [38] using a transparent cover for 
the injection chamber and a 3-D array of intensity based optical fibre sensors, allowed the 
monitoring of the X-Y flow-front of the resin on the surface and the evolution through the 
thickness. Finally, an approach was developed using a combination of thermocouples and 
image analysis [46]. Thermocouples were installed for temperature-control purposes during 
the resin permeation process; image analysis was used to monitor the changes in the light 
diffraction by the projection of a fringe pattern on the laminate surface. 
2.5 Fibre spreading 
A large number of techniques have been reported in the patent literature for spreading the 
filaments in a fibre bundle [47].  These methods can be divided into four general categories: 
mechanical, electrostatic, vibration/acoustic and pneumatic/vacuum methods. 
Mechanical-based techniques generally involve the use of pins, convex rollers and systems of 
rollers for spreading the fibres [48-51]. These methods demonstrate good spreading but 
excessive angles or contact points can cause fibre damage. A basic mechanism for the 
spreading of fibre bundles was recently proposed by Irfan et al. [6]. 
In the electrostatic methods, an electrical potential is applied to fibre bundles where the 
charge on the individual filaments results in its separation [52-55]. A limitation of 
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electrostatic-based techniques for spreading the filaments is that they are not suitable for use 
with inflammable resins and solvents. Another disadvantage of these techniques is that the 
concentration of the binder on the fibre bundle can have a significant influence. 
The use of vibrations at specified frequencies and amplitudes has been reported to be able to 
achieve some degree of spreading [56-58]. Vibration-based techniques will not be considered 
any further in this report as they are not applicable to fibre bundles with high binder contents. 
Finally, there are some technological developments that are well described in some patents 
considering fibre spreading using pneumatic and vacuum methods [59-61]. All of these 
techniques have in common the use of gas jet systems or the change in the pressure in order to 
achieve spreading of the fibres. The study reported by Newell [62] is of special interest, where 
a high degree of spreading of the fibres was achieved by combining Venturi pipes with 
pressure rolls at the beginning and at the end of the spreading process. However, airborne 
contamination is a potential disadvantage of this technique. 
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3 Experimental  
3.1 Impregnation monitoring 
The technique that has been developed by the author involves the use of a photo-curable 
thermosetting resin to enable it to be “frozen” at some point as it impregnates the fibre bundle 
for software calibration purposes. A pair of USB (Universal Serial Bus) microscopes 
equipped with a 2 Megapixel CMOS lens (interpolated) was used to track the flow-front of 
the resin at 1 Hz, and the data were logged in the computer using custom-written software. A 
rig was designed and built for securing the two CMOS-microscopes in position (above and 
below the fibre bundle).  The same rig was also used to accommodate a micro- pipette in the 
required position; the micro-pipette was used to dispense a drop of a photo-curable resin of a 
known volume on the surface of the fibre bundle. A light-proof enclosure was constructed 
from cardboard to isolate the cameras and the fibre bundle from external light.  This therefore 
dictated the need for a lighting system to be designed and built to enable the “motion” of the 
photo-curable resin on the fibre surface to be tracked in real-time. A LED lightning system 
was designed and constructed. 
3.1.1 Materials 
3.1.1.1 Resin system 
The photo-curable resin used in this study was NOA63 (Norland Co., USA). It was cross-
linked or cured using a UV light source, model UV75 Light (Thorlabs, UK). The emission 
wavelength was in the range of 350-500 nm. Since the UV resin system was optically clear, it 
was not easy to use the software to track the flow-front using the standard vision system. Thus 
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to solve this problem, a red pigment Araldite Colouring Paste (Huntsman, UK) was used to 
enhance the contrast between the resin and the fibre.  However, the nature of the pigment in 
concentration as low as 0.5 weight % was found to have an influence on the cure time and the 
viscosity. Therefore, the viscosity of the photo-curable resin, with and without the red 
pigment was determined using a parallel-plate rheometer model Ares (Rheometric Scientific, 
USA). 
A drop of the photo-cure resin was dispensed from a height of 2 cm at an angle of 30° to the 
horizontal plane via a mechanical micro-pipette model Mline (Biohit, UK) on to the centre of 
the E-glass fibre bundle. In a separate experiment the mass of each drop dispensed was 
measured using a four-digit analytical balance model PA214 (Ohaus, UK). 
The drop of resin on the fibre bundle was permitted to permeate into the fibre for 200 
seconds. The flow-front of the resin over the top of the bundle was monitored using the upper 
CMOS-camera, and the through-thickness impregnation was detected and quantified using the 
bottom CMOS-Camera. The laboratory temperature was in the range of 18-23 °C. 
3.1.1.2 Fibres 
The fibres used in this study were as-received and spread Hybon 2026 Tex 2400 (PPG 
Industries, UK) and as-received fibres Advantex T30 R25H2400 (Owens Corning, UK). For 
the PPG fibres, in order to obtain data for different zones of the creel, it was segmented into 
nine clusters representing the relative height (top, middle or bottom) and the layer (internal, 
centre and external layers), as shown in Figure 4.  
The three layers were defined as cylinders with their external and internal diameters as 
follows: external layer from the creel nominal exterior diameter to 220 mm of diameter, the 
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central layer from 220 mm to 175 mm of diameter, and the internal layer from 175 mm to the 
nominal internal diameter of the creel. In addition and as explained above, three zones were 
defined according to the relative height from the bottom surface of the creel: bottom (first 
25% of the height of the creel), middle (from the first 25% to the 75% of the total height of 
the creel) and top (last 25% of the height of the creel). 
 
 
 
 
 
 
Figure 4 Definition of the relative positions of the creel: external layer top/medium/bottom, central 
layer top/medium/bottom and internal layer top/medium/bottom. 
 
3.1.1.3 Camera stand and the lightning system  
A schematic illustration of the rig for holding the two CMOS-microscope cameras is 
presented in Figure 5. It consists of two vertical aluminium rods where two rectangular 
platforms were positioned to house the cameras. In addition, three further support platforms 
were located on the rig: one in the middle for supporting the fibre bundle, and one upper and 
lower platforms to hold the lightning system. 
Top: 25% of the total height 
 
Middle: 50% of the total height 
 
Bottom: 25% of the total height 
 
External layer 
Central layer 
 
Internal layer 
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Significant experimentation was used to identify the optimum lighting conditions. This was 
necessary in order to obtain repeatable and consistent results.  
          
 (i) Isometric perspective                           (ii) Frontal view 
 
Figure 5 Schematic illustration of an isometric perspective (a) and a frontal view (b) showing the 
fixtures for housing the two CMOS-microscope cameras, the fibre bundle and the LED-based 
illumination system. 
Cameras
s 
Lighting 
supports with 
LEDS 
Micro-pipette 
Tow 
Support for 
tow holding 
during the 
test 
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An enclosure was built from cardboard to isolate the cameras and the sample from external 
light. The inside of the enclosure was covered with a black mat surface using black cardboard. 
A number of off-the-shelf lighting systems were evaluated to illuminate the top and the 
bottom surfaces of the fibre bundle. However, these illumination sources were found to be 
unsuitable for the following reasons: (i) it was necessary to have a broad range of intensity of 
illumination for calibrating the system; (ii) difficulty in sourcing a illumination source 
specifically for the fixture shown in Figure 5; and (iii) ensuring that the dimensions of the 
lighting assemblies did not interfered with the introduction of the photo-curable resin via the 
micro-pipette. Therefore, it was necessary to develop an appropriate lighting to enable the 
resin to be tracked by the CMOS-microscopes. Since it was necessary to ensure that the 
lighting system did not heat up the resin, a LED lightning system with an adjustable 
luminance was designed and constructed. Two platforms were constructed and installed as 
illustrated in Figure 5. Each platform contained an array of eight LEDs equally spaced around 
a circumference of diameter 50 mm. The LED diodes (Seoul Semiconductor, RS, UK) 
emitted white light, and had a diameter of 5 mm with 15° of beam-angle. Each of the 
platforms was controlled independently via custom-built circuits. The light intensity in each 
platform was adjustable independently through a potentiometer. This enabled uniform 
illumination of the top and bottom surfaces of the fibre bundle during the impregnation 
experiments. After several trials using different light intensities, the optimum lighting 
conditions were found that corresponded to the minimum intensity level in the top LED 
platform (potentiometer setting 0) and with a higher intensity in the bottom LED platform 
(potentiometer position number 6). 
A magnified perspective of the platform is shown in Figure 6. With reference to the micro-
pipette, an orifice was introduced on one side of the light-tight enclosure and the CMOS 
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camera was used to position the tip of the micro-pipette on the centre of the fibre bundle as 
required. This enabled the resin to be delivered from the exterior of the enclosure without 
altering the lighting conditions. 
The relative positions of the various devices were fixed to enable the experiments to be 
repeated under identical conditions.  
 
Figure 6 A magnified view of the platform for housing the fibre bundle, imaging and illuminating 
systems for the impregnation studies. 
 
3.1.1.4 Software to enable real-time monitoring of impregnation, and software calibration 
Custom-written LabVIEW-based software was developed and used to track the flow-front of 
the resin using the USB microscopes as shown in Figure 6. The camera positioned on the top 
of the fibre bundle was used to monitor the flow of the resin in the axial and transverse 
directions and to quantify the evolution of the impregnated area. The camera placed at the 
opposite face was used to infer the through-thickness impregnation.   
Tow 
Platform for tow 
mechanical holding 
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The software was capable of operating at 1 Hz per CMOS camera and this was used to track 
the fluid-front in the x, y and through-thickness directions. A screen-shot of the software user 
interface is presented in Figure 7. 
        
Figure 7 Screen-shot depicting the user interface for the two CMOS cameras when (i) and (ii) show the 
top and bottom real image respectively, and (iii) and (iv) show the top and bottom image (again 
respectively) after the image analysis. The calculated values are inserted in the (v), and the controls 
shown in (vi) allows us to take a picture of the dry tows and to start the test. Finally (vii) shows the 
remaining test time and (viii) is the test stop. 
 
Before starting the test, it is necessary to input the following relevant data in a drop-down 
menu: (a) test time (200 seconds); (b) file name where the data will be logged; and (c) other 
relevant information such as fibre type, test temperature and relative humidity.  
The results of the test are stored in a file along with the temperature and humidity, time and 
date, test time, iteration number and the iteration time. In addition, all the acquired images are 
stored in individual files of 24-bits RGB (picture representation methodology, using arrays 
with the combinations of the primary colours red, green and blue) with a resolution of 
800x600 pixels, creating a library with all the images of each test. 
(ii) 
(i) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
(viii) 
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3.1.1.5 Calibration of the cameras  
The cameras were calibrated using a 1 mm square-grid graph paper and the “Points 
Coordinate Calibration” method [63]. It involves using at least 4-points, one for each corner 
of the image, with known relative distances (measured using a digital calliper). The 
introduction of these specified distances allows the system to correct for any camera angle 
distortion and to correlate the pixels of the images to quantifiable units. After the calibration 
process, tests were performed to calculate the errors associated with the measurements using 
two different objects: a flat metallic disc of 6.45 mm of diameter and a plastic cylinder with a 
width of 5.22 mm. The test method involved comparing the measurements in different 
sections of each object obtained via the digital calliper (the same procedure was used for the 
calibration of the cameras) and by the camera system. The results are summarised in Table 2 
where the difference between the measurements obtained by the digital calliper and the 
camera system are lower than 0.1 mm with a small variability in the readings as demonstrated 
by the relatively low standard deviation. 
Table 2 Summary of data obtained for from the digital calliper and the cameras using “reference” 
objects. Table (a) shows the data obtained using a metallic disc and (b) a plastic cylinder. 
 (a) (b) 
Metallic disc - Diameter [mm]   Plastic Cylinder - Width [mm] 
Test Calliper 
Top 
Camera 
Bottom 
Camera 
  Test Calliper 
Top 
Camera 
Bottom 
Camera 
1 6.46 6.44 6.53   1 5.22 5.32 5.25 
2 6.46 6.43 6.52   2 5.22 5.32 5.27 
3 6.44 6.44 6.53   3 5.23 5.33 5.25 
4 6.45 6.44 6.52   4 5.24 5.32 5.26 
5 6.47 6.44 6.53   5 5.23 5.32 5.28 
Average 6.456 6.438 6.526   Average 5.228 5.322 5.262 
St. Dev. 0.0114 0.0045 0.0055   St. Dev. 0.0084 0.0045 0.0130 
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3.1.1.6 Image analysis process description 
The basis of an artificial vision system is the analysis and correlation between the image and 
the pixels, and the spectral analysis for distinguishing, analysing or measuring physical 
objects. In the current case, the requirement was to identify the area of a coloured (red) resin 
against a white background of the E-glass fibres or any other object that appear in the image. 
An example of typical images of the resin as viewed by the top and bottom cameras is 
presented in Figure 8 (i) and (ii) respectively. 
   
    (i): Image capture by the top camera.      (ii): Image captured by the bottom camera. 
 
Figure 8 Examples of typical images captured by the: (i) top; and (ii) bottom CMOS cameras. 
 
3.1.1.6.1 Upper CMOS camera 
Whilst it was relatively straightforward to track the resin-front in the initial stages of the 
impregnation process, it was found that after a time (dependant on the tow architecture but 
normally after 30-40 seconds) the flow of the resin decreased and the contrast in the perimeter 
or the resin on the surface of the fibre bundle becomes diffused. This phenomenon was caused 
by the reduction of the resin “height” of the resin as it permeates in the axial, transverse and 
through-thickness directions as a function of time. The net effect of this is a decrease in the 
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contrast between the “red” resin and the white tow along the perimeter or boundary. The 
typical image of a diffused resin-front is shown in Figure 9. 
 
 
Figure 9 Detail of axial or capillary impregnation recorded by the top USB microscope. 
 
After several trials, the following algorithm was developed: 
a. Image subtraction “A-B”: This is similar to an arithmetical subtraction but it is 
undertaken pixel-by-pixel using as minuend and subtrahend for each individual operation 
pixels of identical positions in image “A” and in image “B”; this operation will conclude 
when all the pixels have been used. For each test, “A” is always the image of the dry tow 
taken just before the start of the experiment and B is the image taken in each iteration. 
Since the images are 24-bit colour RGB, which consists in three superposed planes of 8-
bits each (red, green and blue), this operation is repeated three times (the red plane from 
the image A minus red plane of the image B, and the same for the green and blue planes). 
Due to fact that the coding of each plane is done with 8 bits (8 bits each for red, 8 for 
green and 8 for blue, which are the 24 bits of the image), this arithmetic operation will 
result in a “new” image assembled of three planes of RGB; here the values of the pixels 
in each of planes range from 0 (black or no colour) to 255 (saturation). In the subtraction 
process, a non-zero value is obtained where the resin is detected, giving a clear and stable 
Capillary 
Impregnation 
 28 
 
image of the geometry of the drop. An illustration of the subtraction process is shown in 
the Figure 10. 
 
(i)     (ii)         (iii) 
Figure 10 Illustration of the image-subtracting process.  Image of the: (i) as-received bundle; (ii) resin 
on the bundle; (iii) computer-generated image after the subtraction process which isolates the resin 
drop. 
 
b. The second step is the conversion of the colour image from 24-bits RGB (8 for each one 
of the three basic colours) to an 8-bit grey scale image (just one colour, from 0 – black – 
to 255 – white, having different tones of grey in the middle) extracting the HSV plane 
(representation of the hue, the saturation and the brightness in cylindrical coordinates). 
The reason for this is because the analysis in grey scale is easier and more robust. 
c. The third step involves the definition of the boundary of the resin drop. The software was 
able to discriminate the area of the drop of the resin (different levels of grey) from the 
background (black) using threshold levels from 30 to 255 (the pixels with values from 0 
to 29 covered the different tonalities of “black” from the background, meanwhile values 
above 29 contained areas with resin). After applying the threshold, the image consisted of 
pixels with two possible values: white (area with resin) or black (background); this is 
illustrated in Figure 11. 
d. Finally, the black and white image was used for measuring the length, width and area, the 
scale factor was applied (in other words, the scaling factor for the number of pixels 
required to define 1 mm) and the data were logged to a file. 
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(i)                                                               (ii)                                                   
Figure 11 Illustration of the software-based extraction of the “wet” area and analysis: (i) black and 
white image of the resin drop; (ii) software-based computation process. 
 
3.1.1.6.2 Bottom CMOS camera 
Due to the poor definition of the resin-front as it diffuses through the fibre bundle, the 
detection of the through-thickness impregnation via the CMOS-microscope was far more 
challenging. 
A series of experiments were conducted where the lightning conditions, image conditioning 
and the threshold levels were changed in a systematic manner. Finally, an optimal algorithm 
was developed.   
a. Image subtraction: The procedure described in Section 3.1.1.6.1 was performed with the 
result showed in the Figure 12. 
b. Brightness: The contrast enhancement was adjusted to 70%. This gave a clearer image 
when it was converted to the grey scale. 
c. Grey scale conversion: This was done extracting the HSV plane and converting the image 
from 24 to 8-bits, as described in 3.1.1.6.1.b. 
d. Boundary definition, as detailed in section 3.1.1.6.1.c, was done applying a threshold 
level on the image. The optimum level was found to be in the range from 40 to 255. 
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e. Area measuring using the black and white image, applying the scale factor to convert 
from pixels to mm
2
. 
f. Logging the results to a file. 
Figure 12 shows the image before and after manipulation using the procedures described 
above.  
     
(i)    (ii)    (iii) 
Figure 12 Images captured from the camera positioned at the bottom and the subsequent image 
processing routines: (i) a typical image captured from the camera positioned below the bundle;  (ii) 
shows the image after the subtraction operation; and (iii) is the result after image processing and the 
threshold application. 
 
3.1.2 Monitoring fibre spreading 
The instrumented rig presented in Figure 13 was designed, constructed and assembled for 
monitoring the degree of fibre spreading. It consisted of an articulated platform where two 
load-cells were installed. The load-cells allow the monitoring of the tension in the tow and the 
changes in the pressure applied by a pneumatic cylinder over the tow via two rollers. In 
addition, two CMOS cameras were installed for monitoring the width of the tow 
automatically before and after the tow passed through the rig.  
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Figure 13 Schematic illustration of the rig that was designed and built to study the various parameters 
that influence the degree of fibre spreading. 
 
The rig was articulated using an external frame which held an internal mobile platform. The 
external frame consisted of a floor-plate with a frame and an axle which is used for attaching 
the internal platform, and it provided a facility for the internal platform to be swung, as 
illustrated in Figure 14. 
           
 
Figure 14 Schematic illustration depicting the adjustability of the inner frame. 
 
In order to lock this relative movement, this internal platform was secured to the external 
platform floor-plate using a support that was attached to a 3 kg load-cell (model Tedea-
(i)  Pneumatic 
cylinder 
(iv) Rollers 
(vi) Tow 
(v) Tension 
load-cell 
(ii) Pressure 
load-cell 
(iii) CMOS 
cameras 
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Huntleigh 1022); this mechanism which is detailed in Figure 15 (i), allows the tension in the 
tow to be monitored between the haul-off equipment and pair of “nip” rollers. The data from 
the load-cell were acquired and digitised using a channel of a National Instruments DAQ 
(digital-to-analogue converter) card model NI-9219.  This device is also used to provide a 
stable excitation voltage to the load-cell. 
 
(i) Detail of the load-cell and mechanism for measuring the tension in the tow. 
 
                        
         (ii) Cylinder in the “rest” position.     (iii) Cylinder pressurised position. 
Figure 15 Schematic illustration of the construction of the internal frame showing the adjustability of 
the pair of rollers. (i) Representation of the slots in the internal frame for guiding the internal bridge 
and the 3 kg load-cell which attach the internal platform to the floor of the external platform. 
Illustrations (ii) and (iii) show the pneumatic cylinder in inactive and active positions respectively. 
 
The internal frame was used for attaching the pneumatic cylinder and the rollers to enable a 
defined pressure to be applied to the tow. Figure 15 shows how the cylinder was attached to 
Slot 
Major axle 
Minor axle 
Mobile internal 
bridge 
Internal frame 
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the internal platform: the minor axle was fixed horizontally and the major axle was attached to 
the mobile internal bridge. The mobile bridge has two nylon plates enclosed in the slots 
machined in the internal frame; this allowed its position in the vertical plane to be maintained 
while it was translated up or down. The bridge was attached to the pneumatic cylinder via a 
50 kg Tedea-Huntleigh 614 grade G load-cell and custom-designed aluminium adaptors. A 
channel on the previously mentioned NI 9219 DAQ card was used for reading the signals and 
for exciting the load-cell. The cylinder was initially loaded using a 5-ports solenoid valve 
(model SMC SY5320-5DZ-01F-Q-S) where a TTL digital signal was generated from a USB 
I/O device from National Instruments (model NI USB-6501). This device was able to manage 
the 24-volts dc of the valve using a series of two relays: the first relay was operated at 5-volts 
and was used for energising the second relay, which managed the 5-port solenoid valve. After 
the initial pressure loading, the valve was closed and the variations of the force in the 50 kg 
load-cell monitored. The sensing principle was that depending on the “thickness” of the tow 
being traversed between the rollers, the changes in the thickness of the bundle will be 
translated to the cylinder via the load-cell. When the top-roller is pushed up, since the volume 
of air in the cylinder is constant, the pressure in the cylinder housing will be increased and 
consequently the force recorded by load-cell will increase. When the shaft of the cylinder 
moves down (corresponding to decrease in the thickness of the tow), the pressure in the 
cylinder decreases and hence, the force recorded by the load-cell decreases. 
Customised software was designed and written using LabVIEW for: (i) controlling the 
pneumatic cylinder; (ii) establishing the initial pressure setup; (iii) collecting the data from the 
load-cells; (iv) extracting the images from the cameras; and (v) logging the data in a file. Due 
to the technical limitations of the camera, the data from the load-cells were acquired at 100 Hz 
but the image analysis was limited to 5 Hz. The data generated in these tests were written 
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automatically to a file. Since the sampling rates for the load-cells and for the cameras were 
different, the data were time-stamped. 
 
 
 
 
(i) Screen-shot of the control display panel. 
             
(ii) Details of the menus and the corresponding tabs for configuration purposes. 
 
 
(iii) Bottom screen-shot illustrating the: (a) average sampling rate indicators; (b) controls for starting 
the data logging; (c) data input in the measurement file to specify the position of the tow within the 
creel. 
 
 
 
Area for data 
visualisation Tab control 
Bottom 
area 
(a) (b) (c) 
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(iv) Area for data visualisation 
Figure 16 Details of the software interface: (i) general overview and location of the three main areas 
(tab control with the configuration menus, bottom area and data visualisation); (ii) Different options 
which can be found in the tab menu (iii) Bottom area with sampling rate indicator and test start/stop, 
data logging and zone of the creel under testing; (iv) Data visualisation area. 
 
3.1.2.1 Image analysis and measurement system 
A pair of USB microscopes equipped with 2 Megapixel CMOS lens (interpolated) was used 
to measure the thickness of the tow before and after passing between the pair of rollers as 
illustrated in Figure 17.  
The positions of the cameras were secured using clamps and fittings. The relative distances 
from the tow to the two cameras, a key factor to ensure repetitive measurements, was fixed 
using aluminium bars. The details of this assembly can be seen in Figure 17. The readings of 
the cameras were found highly dependent on the external light conditions, and due to 
necessity for visual representation of the image it was not possible to use a physical enclosure 
to isolate the system. In order to address this problem, a black surface was positioned below 
Width and thickness showing a graphical 
representation of the data 
Images from the cameras in real-
time 
Numerical 
values 
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the tow to minimise reflections from metallic surfaces and to enhance the contrast (white over 
black).  
 
           
 (i) Isometric perspective  (ii) Top perspective 
Figure 17 Detail of the relative positions of the two cameras on the rig, where the different clamps used 
with the cameras have been removed for simplification purpouses: (i) isometric perspective where the 
tow moves from left-to-right; and (ii) top view. 
 
With reference to the customised software, in each vision measurement iteration the computer 
acquires one RGB 32-bit 800x600 pixels image from each camera for analysis. The details of 
the algorithm applied for the width measurement of the tow are detailed below. 
3.1.2.2 Tow width measurement algorithm 
The algorithm designed for the tow width measurements was based on the edge detection 
method. Here, the changes in the pixels across a defined line (perpedincular to the tow) are 
analysed as shown in Figure 18. In order to improve the precision and reproductibility of the 
measurement (dependant on the intensity of the external light), the software allows the 
operator to configure several parameters to increase the accuracy of the readings. For 
example, 
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 Kernel size: this is the size of the matrix for the convolution Kernel or filtering for the 
image. It allows the the edges to be detected more clearly [64]. 
 Width: this defines the number of pixels averaged perpendicularly to the analysis 
direction for computing the edge profile strength at each point along the detection line 
[64-66]. 
 Interpolation type: zero order, bi-linear or bilinear fixed [64]. 
 Minimum edge strength: here the edge is located when a peak that is higher than the 
fixed minimum level is detected. 
 
Figure 18 Edges location perpendicular to the tow movement direction; the detection line is indicated. 
 
It was found by trial-and-error that the following values were the most appropriate for the 
lighting conditions in the laboratory where the experiments were carried out: “kernel size” = 
13, “width” = 7 and zero order interpolation with minimum edge strengths of 30. 
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4 Results and discussion 
4.1 Impregnation monitoring 
4.1.1 UV resin viscosity  
The viscosity of the UV-curable resin (NOA63) was measured as a function of temperature, 
with and without the red pigment using a parallel-plate rheometer. It was observed that the 
pigmented resin (0.5 in wt %) had a slightly higher viscosity than the as-received resin. Since 
the room temperature in the rheometer laboratory was always above 20 °C it was not possible 
to cover the interval from 18 to 30 °C. Therefore a second order polynomial regression was 
applied with an R
2
 higher than 0.99 to extrapolate the data. The results of the two datasets (as-
received and pigmented resin) are presented in Figure 19. 
 
Figure 19 Dynamic viscosity profiles for the NOA63 photo-curable resin as a function of temperature.  
The data presented are for the as-received and pigmented photo-curable resin (0.5 weight %). 
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4.1.2 Calibration of the dispensed UV resin 
Since the volume of the resin used in each test was a critical parameter for the impregnation 
studies, the mass of resin dispensed by the micro-pipette was quantified ten times using a high 
precision scale. These experiments were carried out over a period of 5 minutes where the 
temperature in the laboratory was 21 ± 1 °C. The results are shown in Table 3. Assuming a 
normal distribution, 68% of the data were within ±σ, and the 95% within ±2σ where σ is the 
standard deviation. 
Table 3 Weight of each drop of the pigmented resin dispensed from the micro-pipette. 
Test Weight [g] 
1 0.01039 
2 0.00987 
3 0.01036 
4 0.0102 
5 0.01015 
6 0.01118 
7 0.01151 
8 0.01078 
9 0.01022 
10 0.00985 
 
Analysing the data in Table 3, it is seen that the average weight is 0.01045 g with a standard 
deviation of 0.00052 g. Applying the 2σ criteria, the average weight of the drop of resin 
dispensed by the pipette is 0.010 g ± 10%. In other words, in 95% of the cases, the weight of 
the resin drop will be between 0.009 and 0.011 g.  
4.1.3 Measurement methodology validation and maximum error definition 
The impregnation process is a dynamic process where the profile of the drop of resin on the 
fibre bundle is changing constantly. Thus it was necessary to develop a method to “freeze” the 
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impregnation process to enable correlation to be established between the impregnation profile 
in the three planes and the analysis obtained by the software.  
A number of options were considered to freeze the spatial locations of the resin-front 
including lowering the temperature and using a fast-curable resin. It was decided that the 
photo-curable resin was capable of providing a practical solution.  Hence, a UV photo-curable 
resin (NOA63, Thorlabs) was selected for  two reasons: (i) its viscosity (3.5 Pa.s) was close to 
a commercial-available epoxy/amine resin system that is used in the research group at the 
University of Birmingham; (ii) it permitted the liquid-fronts to be frozen within the first 20 
seconds of the application of the UV light; and (iii) it was possible to pigment the resin to 
enhance the contrast between the resin and the E-glass fibre bundle. The process that was 
adopted for the validation of the software and the maximum error calculations were conducted 
using six different experiments for each of the two cameras; details as follows. 
(i) The tow was fixed to the test fixture as shown previously in Figure 5 and Figure 6. 
Images were secured using the two cameras and these served as the “reference” for the 
prevailing lighting conditions. 
(ii) A drop of the UV-curable resin was dispensed on to the top-surface of the tow using the 
procedure described in Section 3.1.1.1. The sample was allowed to impregnate for a 
specified time whilst the software was operational, until a specified level of through-
thickness impregnation was attained. The tip of the UV-light source was positioned at a 
distance of 20 and 30 mm from the bottom and the top-face of the tow respectively. The 
bottom and the top-faces were irradiated for two minutes and one minute respectively. 
(iii) After the bottom and the top faces of the tow were irradiated (to freeze the liquid front), 
the software was activated and the images of the two surfaces were recorded. The 
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software routine was used to analyse and compare this and the previous pairs of 
reference images. 
(iv) An alternative manual analysis of the images was conducted using the following 
procedure: 
a. Top microscope: due to the fact that the resin was dropped on this side of the tow, 
the evolution of the resin front was clearly distinguished by the observation of the 
images, a direct analysis was conducted using the freeware software PhotoFiltre 
6.5.1. The inspection process consisted of marking the perimeter of resin drop, 
after which, the area and longitudinal and transversal impregnation lengths were 
measured.  
b. Bottom microscope: due to the complexity of tracking the impregnated area using 
the images taken by the cameras, this process was performed externally after 
cross-linking the samples. The impregnated tows were extracted from the rig and a 
20x macro-image of the bottom area was compiled using a collage of 300 
micrographs as in shown in Figure 20. The macro-image was analysed using 
PhotoFiltre 6.5.1. The area where the resin had effectively passed through the 
thickness of the tow was highlighted and measured. 
c. The measurements obtained in the steps (a) and (b) were compared with the values 
obtained by the software in the previous step (iii) detailed above. The maximum 
error associated with the measurements obtained by the software in each 
experiment was determined.  
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Figure 20 20x macro-image of the impregnation developed on bottom face of the tow. This image 
represents a collage of 300 micrographs. 
 
4.1.3.1 Top camera - error calculation 
It was found that the error in the readings of this camera regarding the longitudinal movement 
of the resin (in the fibre direction) and in the calculation of the area were negligible during 
approximately the first 60% of the test. This may be attributed to the resin drop having a 
sufficient volume for driving the permeation front by gravitational force. After some time, 
when capillary impregnation became the predominant phenomenon, it was noted that some 
error appeared in the longitudinal and transverse impregnated lengths. This error can be 
visualised in Figure 23 as a small variations in the data. However, in the transverse liquid-
front (perpendicular to the fibres direction), due to small variations during the whole test, the 
capillary movement was detected since the beginning creating some instability in the 
measurement practically in the whole experiment. Nevertheless, due to the small variations in 
magnitude and hence the negligible contribution to the global error in the calculation of the 
area of the permeation front, it was assumed that the datasets were acceptable. 
Figure 21 shows this phenomenon associated with the minor variations in the datasets. The 
upper area and longitudinal impregnation evolve with a smooth profile until the longitudinal 
capillary movement is the predominant mechanism (approximately after 120-130 seconds), 
when some undulations appear in the data.  
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Figure 21 Results of an impregnation test carried out on a PPG tow obtained from the centre/bottom 
portion of the creel. 
 
Following the methodology presented in section 4.1.3, six samples were analysed: four 
samples before applying the UV light after 100 seconds of the test when the effect of capillary 
movement was still small; and two samples after curing the resin by UV light where some 
degree of capillary movement was developed. After performing the previously defined signal 
processing methodology for the upper camera, a maximum error of 7% was found. A 
summary of the error analysis is presented in Table 4.  
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Table 4 Error analysis obtained in the six experiments performed, comparing the manual results with 
the ones obtained by the software. 
    Error 
Experiment Details Area [%] 
X impregnation 
[pixel] 
Y impregnation 
[pixel] 
1 Before UV curing 5% 4% 5% 
2 Before UV curing 7% 3% 6% 
3 Before UV curing 0% 2% -1% 
4 Before UV curing -3% 3% -4% 
5 After UV curing -3% 0% 4% 
6 After UV curing 0% -6% 7% 
 
 
In addition, a comparison of the images analysed manually using PhotoFiltre and those done 
by the sofware showed a good degree of similarity, as shown in Figure 22. 
                 
(i)-a Experiment 1- manual analysis (i)-b Experiment 1 - software analysis 
 
 
   
  (ii)-a Experiment 2 - manual analysis (ii)-b Experiment 2 - software analysis 
 
 
    
 (iii)-a Experiment 3 - manual analysis (iii)-b Experiment 3 - software analysis 
 
 
    
 (iv)-a Experiment 4 - manual analysis (iv)-b Experiment 4 - software analysis 
 
   
 (v)-a Experiment 5 - manual analysis (v)-b Experiment 5 - software analysis 
 
   
 (vi)-a Experiment 6 - manual analysis (vi)-b Experiment 6 - software analysis 
Figure 22 Details of the image analysis with the top camera 
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4.1.3.2 Bottom camera - error calculation 
The methodology described previously in Section 4.1.3 was followed to determine the error 
associated with the bottom camera. The results from this study are presented in Table 5, 
where a maximum error of 8% was found. 
Table 5  Error associated with the bottom camera. 
Experiment 
Manual 
Measurements [mm] 
Software 
Measurements [mm] 
Error [%] 
Test 4 7.20 7.29 1% 
Test 5 10.36 10.78 4% 
Test 7 16.21 16.47 2% 
Test 8 12.93 13.95 8% 
Test 9 24.02 25.53 6% 
Test 10 32.19 33.5 4% 
 
 
In addition, a comparison of the image analysis performed manually using PhotoFiltre and 
those performed by the sofware was carried out, as shown in Figure 23. On inspecting this 
Figure 23, it can be seen that the contours and geometry of the images obtained by the two 
methods are similar, despite the fact that the scale and the angle of the photographs on the 
right and on the left may be slightly different.  
   
  (i)-a Test 4 manual analysis   (i)-b Test 4 software analysis  
 
   
 (ii)-a Test 5 manual analysis (ii)-b Test 5 software analysis 
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 (iii)-a Test 7 manual analysis (iii)-b Test 7 software analysis  
 
     
 (iv)-a Test 8 manual analysis (iv)-b Test 8 software analysis  
   
 (v)-a Test 9 manual analysis (v)-b Test 9 software analysis 
 
     
 (vi)-a Test 10 manual analysis (vi)-b Test 10 software analysis 
Figure 23 Comparison between the image analysis carried out using the manual inspection over the 
20x image (images on the left) and the automatic analysis done by the software using the bottom 
microscope (images in the right). 
 
4.1.4 Impregnation results 
The impregnation monitoring experiments were carried out using a creel of as-received PPG 
Hybon 2026 Tex 2400 fibres. The coding of the reel with regards to specified locations 
described in Section 3.1.1.2 was adopted. For comparison purposes, a limited number of 
spread fibres from PPG and as-received Owens Corning Avantex T30 R25H2400 were tested. 
Since the PPG spread fibres were subjected to a mechanical spreading process it was assumed 
that it would not be necessary to identify the position of the tow from within the creel. For the 
Owens Corning samples, due to the different creel dimensions and hence the difficulties in 
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comparing layer-by-layer with the PPG creel, only the information of the zone from they were 
extracted (top, middle, bottom) was tracked. A summary of the samples is presented in the 
Table 6. 
Table 6 Summary of the number of tests, materials, condition of the fibres and their relative positions 
within the creel for the impregnation monitoring studies.  
Experiment 
Number of 
tests 
Manufacturer Characteristics Layer Zone 
1 8 PPG As-received External Top 
2 8 PPG As-received External Middle 
3 8 PPG As-received External Bottom 
4 8 PPG As-received Centre Top 
5 8 PPG As-received Centre Middle 
6 8 PPG As-received Centre Bottom 
7 8 PPG As-received Internal Top 
8 8 PPG As-received Internal Middle 
9 8 PPG As-received Internal Bottom 
10 8 PPG Spread Not applicable Not applicable 
11 8 Owens-Corning As-received Not applicable Top 
12 8 Owens-Corning As-received Not applicable Middle 
13 8 Owens-Corning As-received Not applicable Bottom 
 
 
Each individual test was carried out for 200 seconds during which the images were acquired 
and analysed at 1 Hz (1 complete analysis per second) giving 200 rows of data. In each row, 
the X (longitudinal), Y (transverse) impregnation, and the XY (top area) and Z (through-
thickness impregnation) impregnated area were recorded. An illustration of the relevant 
parameters is presented in Figure 24. 
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 (i) Upper camera image. (ii) Bottom camera image. 
Figure 24 Typical example of an impregnation experiment with the definition of each parameter 
measured during the tests: (i) X and Y-impregnation length, and XY-impregnated area monitored by 
the upper camera; (ii) Z or through-thickness impregnation monitored by the bottom camera. 
 
Due to the fact that the X and Y-impregnations are one-dimensional (maximum lengths in the 
X and Y-directions), consideration is given to the XY and the Z-impregnation profiles. The 
justification for this decision is: (i) their higher stability; (ii) the lower added error; and (iii) 
the impregnated area being a more representative representation of the impregnation process. 
4.1.4.1 Variation in the width of the samples used in the tests 
Due to the relationship between thickness and impregnation time (see Equation 4), a statistical 
analysis (mean and standard deviation) of the thickness for all the samples involved in each 
impregnation experiment was performed. The results are presented in Figure 25, following the 
coding system for the creel that was presented previously in Figure 4.   
X-Impregnation 
Y-Impregnation 
XY-Impregnation 
Z-Impregnation 
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(i) 
 
 
 (ii) 
Figure 25 Statistical analysis of the width of the samples used in the impregnation tests: (i) the average 
and standard deviation of each experiment detailed in Table 6 attending to the segment of the creel in 
the as-received material (the data are presented in sets of two columns showing the average on the left 
and the standard deviation on the right); (ii) average fibre bundle widths for  the spread and as-received 
PPG fibre bundles and the as-received Owens-Corning fibre bundles. 
 
4.1.4.2 XY-impregnation 
The average (eight samples per batch) XY-impregnation data for the as-received/spread PPG 
and for the as-received Owens-Corning fibres are shown in Figure 26 and Figure 27 
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respectively; the 8 samples tested for each experiment were averaged for simplifying the 
visualisation of the data. It is apparent that the permeation of the drops of resin over the 
surface of the PPG fibres (as-received and spread) follows polynomial trajectories. Moreover, 
the spread PPG fibres have a different starting slope than that observed for the as-received 
fibres which have a more steady increase. This behaviour can be explained by the more 
uniform, flat and horizontal shape of the spread fibres in comparison with a highly irregular 
geometry of the as-received fibres. 
    
 
(i) 
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(ii) 
Figure 26 Evolution of the XY-impregnation for the as-received and spread PPG fibres. The different 
colours for the as-received fibres correspond to their relative positions from within the creel: (i) shows 
the full length of the test (200 seconds); (ii) presents an expanded view of the first 25 seconds. The 
dotted line in Figure 26 (i) represents the average initial slope. 
 
With reference to the as-received Owens-Corning fibres, the experiments showed a linear 
increase in the impregnation area for the first ten seconds and after a short transition, they 
changed to a linear trend but with a smaller slope. This is notably different to the behaviour 
that is observed with the as-received PPG fibres. 
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Figure 27 Evolution of the XY-impregnation for the as-received and spread Owens-Corning fibres.  
The different colours for the as-received fibres correspond to their relative positions from within the 
creel. The dotted line represents the initial slope. 
 
With reference to Figure 26 (i) and Figure 27, the XY-liquid-front for the as-received PPG 
fibres and Owens-Corning fibres show substantial differences with regard to the areas that are 
covered after 200 seconds. In the as-received PPG fibres, the impregnated area is contained in 
the interval from 37 to 42 mm². In the case of the as-received Owens-Corning, the 
impregnated area ranged from 27 to 31 mm². Besides, the initial slope (dotted lines) was 
found much higher in the as-received PPG fibres than in the Owens-Corning fibres, with 
values of 0.88 and 0.59 respectively. 
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4.1.4.3 Through-thickness impregnation 
Figure 28 shows the through-thickness impregnation for as-received and spread PPG fibres, 
and Figure 29 presents the same for the Owens-Corning as-received fibres. As with the 
previous case, the eight samples used in the experiments were averaged. 
The magnitude of through-thickness impregnation was defined as the area of resin which 
effectively permeated through the thickness of the sample, as measured by the bottom camera.  
It can be appreciated that the spread fibres displayed by far the fastest through-thickness 
impregnation rate. For example, after around 15 seconds, the resin had effectively permeated 
through the tow and then commenced to evolve with linear speed at a decreasing rate. 
However, in the case of the as-received PPG fibres, all the graphs had a common starting 
point at approximately 25 seconds when some degree of impregnation was obtained, followed 
by a period of acceleration before the rate decreased. After the aforementioned starting point 
of 25 seconds, the subsequent trends at different locations of the creel were found to be 
different. It is proposed that this may be due to the intrinsic variablitiy in the atchitecture of 
the bundle. 
It is interesting to note that the as-received PPG fibres obtained from the central layer and 
centre zone of the creel (see Figure 28) have a faster impregnation characteristic. This can be 
explained by inspecting Figure 25 where it is seen that this bundle had the biggest width (and 
hence the lowest thickness) of the as-received fibre bundles, which may had a significant 
effect on the through-thickness impregnation rate.  Visual observation of the as-received fibre 
bundles has also indicated that the following additional reasons may be contributing factors: 
(i) the degree of segmentation in the as-received fibre bundle; 
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(ii) the concentration/distribution of the binder;  
(iii) the degree of waviness (a function of the tension during the production of the creel); and 
(iv) the compaction of the fibre bundle and hence the micro-porosity within the filaments. 
 
Figure 28 Through-thickness impregnation for PPG spread and as-received fibres. 
 
Surprisingly, on inspecting Figure 29 it is seen that the through-thickness permeation of the 
resin through the as-received Owens-Corning fibres was negligible. Moreover, as a 
consequence, the signal-to-noise for this fibre type is low which results in a noise signal. It is 
speculated that if the test was to be extended past 200 seconds, the as-received Owens-
Corning fibres will attain a similar equilibrium through-thickness impregnation characteristic 
as that observed for the as-received PPG fibres.  
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Figure 29    Through-thickness impregnation evolution for the Owens Corning as-received fibres. 
 
In conclusion, it is notable that the average through-thickness area for the as-received Owens-
Corning fibre was after 200 seconds much smaller than the as-received PPG fibres. It was 
observed for the as-received PPG fibres that the through-thickness area was not less than 11 
mm
2
 after 50 seconds with most of the samples lying in the range 11 to 20 mm
2
. However, the 
as-received Owens-Corning fibre did not surpass the value of 0.8 mm
2
, with a corresponding 
impregnated area of around 0.2 mm
2
 in the majority of the samples. 
4.1.4.4 Comparison of the global averages 
This section presents a brief discussion on the global averaged data for the three different 
groups of fibres: as-received PPG, spread PPG and as-received Owens-Corning. In this 
analysis, only one average curve for the XY-permeation and one for the through-thickness 
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impregnation was considered for each one of the above mentioned group of fibres. The results 
are shown in Figure 30 and Figure 31. 
                 
Figure 30 Averaged XY-permeation versus time for each different group of fibres: Owens-Corning 
fibres (blue), as-received PPG fibres (red) and spread PPG fibres (green). The dotted lines (a) and (b) 
represents the initial slopes. 
          
Figure 31 Averaged through-thickness impregnation evolution versus time for: Owens-Corning fibres 
(blue); as-received PPG fibres (red); and spread PPG fibres (green). The black dotted lines represent 
the slopes of the evolution of the through-thickness impregnation area; (a) and (b) show the two 
different slopes presented by the spread PPG fibres; and (c) shows the slope of the as-received PPG 
fibres. 
(a) (b) 
(a) 
(b) 
(c) 
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Similar conclusions to those mentioned previously apply here:  
(i) The XY-impregnation for the as-received and spread PPG fibres shows a parabolic 
evolution with similar final asymptotic values. The Owens-Corning fibres start with a 
parabolic shape, but after approximately 10 seconds changes to linear trend. 
(ii) The XY-impregnation of the as-received PPG fibres have a higher initial slope of 0.20, 
represented in Figure 30 as a dotted line labelled as (a). The XY-impregnation for the Owens-
Corning fibres and for the spread PPG, however, shows a similar initial slope of 0.63, labelled 
as (b) in Figure 30. 
(iii) The XY-impregnation achieved by the PPG fibres (both spread and as-received) is 
approximately 30% higher that the observed for the Owens-Corning fibres. 
(iv) Through-thickness impregnation was not observed in the as-received PPG fibres up to 
30 seconds. After that point, the impregnation developed following a linear evolution with a 
slope of 0.12 until nearly the end of the test. This is shown in Figure 31 by the dotted line 
labelled as (c). 
(v) The through-thickness impregnation in the spread PPG fibres started after 5 seconds, 
having linear evolution with two different slopes, as is presented in Figure 31 by the dotted 
lines labelled as (a) and (b): a faster first part up to the 82-second with a slope of 0.20, 
followed by a second part when the impregnation is slower with a slope of 0.12. It is notable, 
as it can be observed in Figure 31, that this second slope of the spread PPG fibres is the same 
than the as-received PPG fibres, after approximately 82 seconds. 
(vi) The through-thickness impregnation of the as-received Owens Corning fibres showed 
negligible impregnation during the first 200 seconds of the test (below 1 mm
2
). 
(vii) During the first 50 second of test, the spread PPG fibres develop a 700% higher 
impregnation area than the as-received PPG fibres. 
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4.1.4.5 Permeability calculations 
The impregnation time can be calculated using the data presented in Figure 31. Here, 
impregnation time is defined as the period for obtaining a consistent reading for a through-
thickness impregnated area of 0.1 mm
2
. Utilising the data obtained with the application of this 
criteria and rewriting Equation 4 (relation between impregnation time in Z-direction and 
permeability), Equation 10 was derived. In this equation the permeability K for the PPG fibres 
in Z-direction or through-thickness can be obtained as function of the dynamic viscosity µ, 
the thickness L, the impregnation time (defined criteria of 0.1 mm
2
 for the impregnated area) 
and the pressure gradient. 
   
 
  
 
  
  
 Equation 10 [16] 
The dynamic viscosity is given in Figure 19 and the pressure gradient can be calculated using 
Equation 8.  Since there was no vacuum or mechanical pressure involved in the test, the 
assumption is made that the contribution to the pressure is due to the gravitational force 
(weight of the resin) and capillary pressure. A further assumption is made that the evolution 
of the gravitational contribution can be taken in each moment as the mass of the resin drop 
divided by its XY-permeation area. The capillary pressure is calculated using Equation 8 with 
a form factor (F) of 2, a contact angle of 57° and surface tension 0.044 N/m, as reported in 
Section 2.4.1.2. With reference to the porosity, computer aided analysis was performed on the 
images of the same samples detailed in Section 4.1.3.2 where the porosity was estimated to be 
in the range of 44% to 48%. 
With reference to Equation 8, L can be calculated assuming a rectangular cross-sectional area 
along with the manufacturer data for the number of fibres per tow (4000), the average 
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diameter (17 µm), and the porosity (44% and 48%) and the average width of the tow from 
Figure 25.  
The results for the permeability obtained for both porosity levels are given in Figure 32. They 
are organised in pairs representing both porosities of 44% and 48% with the data presented in 
the following order: spread PPG fibres, PPG global average value (for all the 9 experiments), 
Gebart’s theoretical values (Figure 3) for the specified porosity levels and the average value 
for each layer of PPG as-received fibres (exterior, centre and inner as seen in Figure 4): 
 
 
Figure 32 Transversal permeability values for the PPG spread and as-received fibres calculated by 
Equation 4, with a comparison with the values obtained by Gebart’s model; all the transversal 
permeability coefficients are calculated for the two considered values of porosity and shown two 
different colours  (44% of porosity in the blue columns and 48% porosity in the red columns), with the 
standard deviation represented by an error bar. 
 
As can be appreciated the PPG spread fibres have increased the transverse permeability by 
nearly 250% in comparison with the as-received fibres; this means that spreading the fibres by 
an average value slightly higher than 200%, decreases the average transverse impregnation 
time by a factor of 2.5. Besides, there is a very high standard deviation in the calculated 
values and this may be due to one or more of the following reasons: (i) the spread fibres were 
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collected from different experiments and with different levels of spreading (from 8.62 mm to 
12.30 mm); and (ii) some of the spread fibres had gaps or segmentation between the fibres 
(test 1 and test 7) and thus the impregnation process for these fibres with the previously 
assigned criteria of 0.1 mm
2
 was nearly instantaneous (a few seconds). 
 It is worth noting that the values obtained for the as-received fibres gave transverse 
permeability coefficients that were higher than the ones reported by the Gebart’s equation. 
This observation may be attributed to the different conditions in which the tests were 
performed.  For example, in the current work, consideration was only given to the capillary 
and the gravitational pressure where the fluid was a small and constant non-pressurised 
volume of resin.  Moreover, Figure 33 shows that the appearance of macro-channels can 
increase the porosity and thus modify the capillary pressure and the impregnation time.  It was 
also observed in the current study that the binder content was variable in sections of the tow.   
Finally, the permeability data reported here assumed the two calculated values of porosity. 
Visual observations suggested that the spatial architecture of the filaments was highly variable 
and different values of porosity would be obtained along different sections of the same 
impregnated volume. Therefore, this may account for the observed deviation from the 
Gebart’s experimental data. 
4.1.5 “Freezing” the resin flow 
The methodology developed in this current study was based on tracking the motion of the 
fluid-front using cameras on the top and the bottom of the tow. Hence, the following 
experiment was performed to visualise the flow of the resin in the through-thickness direction.  
This study was also designed to validate through-thickness permeation data obtained via the 
cameras.  
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a. The samples used for the bottom camera tests, number 4, 5, 7, 9 and 10 were cut at the 
centre of the cured resin profile and mounted in the transparent  Epofix Cold 
Mounting Resin (Struers, UK). 
b. The surface was polished using conventional metallographic procedures. 
c. Micrographs were obtained using a CMOS camera model DCU224C (Thorlabs, UK). 
With reference to Figure 33, it is proposed that the resin penetrated effectively through the 
thickness of the tow in two modes: macro-flow across macro-channels surrounding the 
clusters of fibres; and micro-flow within the clusters of filaments. This observation was found 
in the five samples that were analysed. 
     
 (i) (ii)  (iii) 
Figure 33 Illustration of the permeation profile of the pigmented cross-linked photo-curable resin on 
sample number-4:  (i) 10x image of the sample; (ii) 20x image showing the left area of the sample; and 
(iii) 20x image of the central area of the sample. Due to the nature of the microscope used in 
conjunction with the camera, it was not possible to obtain a scale bar. 
 
In conclusion, this last experiment provides sufficient justification to support the view that the 
evolution of the resin on the top and bottom face of the tow gives an accurate idea about how 
the resin permeates through the material. Thus, the estimations done by the software can be 
considered as a valid indication of the impregnation at both macro and micro-levels.  
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4.2 On line-monitoring of the thickness of the tow 
4.2.1 Airtightness of the pneumatic system  
Since the pneumatic equipment used in this study operated on the basis of a constant volume 
of air inside the cylinder, some tests were conducted with different applied pressure to 
establish the airtightness of the system. This consisted of the application of an initial pressure 
to the pneumatic cylinder and monitoring the changes in the forces measured by the load-cell 
as a function of time.  This was used to estimate the magnitude of the pressure loss. As seen 
in Figure 34, for an applied load of 6.73 kgf recorded by the load-cell (higher than the 
maximum force expected during the tests), the reading after 1,200 seconds recorded a loss of 
0.08 kgf. This represents a pressure loss of the order of 0.5%. It was noted that in the majority 
of the cases, the losses occurred during the first 200 seconds and hence was not considered to 
be significant. 
 
Figure 34 Display of the force monitored by the load-cell over 1200 seconds to establish the pressure-
retention capacity of the pneumatic device. 
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4.2.2 Load-cells calibration 
The load-cells were calibrated prior to their use in the rig. The method used was to compare 
the output of the load-cells by loading them with samples of known masses.   
The first series of calibrations were used to enable a software-based correction to be made, 
based on the comparison between the measured and the mass of each applied load.  This is 
justified on the basis that a correction is generally required in order to compensate and to 
minimise the error which is inherent in the load-cell.  After this correction, the experiment 
was repeated and the measurement error of the system was established. In the case of the 3 kg 
load-cell, the maximum error was found to be in the range of 0.018%. In the case of the 50 kg 
load-cell the maximum error was found to be lower than 0.80%.  This means that both load-
cells will have an error in the range of use of ±0.00054 kgf and ±0.040 kgf for the 3 kg and 50 
kg load-cells respectively. 
4.2.3 Correlation between the measured force and the thickness of the tow 
Tests were performed to establish the relationship between the initial applied pressure in the 
pneumatic cylinder and the output force read by the load-cell. This was done to enable 
correlation between the changes in force recorded by the load-cell with changes in the 
thickness of the tow as it traversed between the rollers (see Figure 13). These tests were 
carried out using four initial loads, 0.5, 0.6, 0.8 and 1.35 kgf, following the experimental 
method detailed below: 
(i) Pressurised air was introduced in the system closing the mobile internal bridge and thus, 
translating the upper roller down until it touched the bottom roller; this process was 
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stopped when the desired initial load was achieved in the load-cell that was attached to 
the cylinder (see Figure 15). 
(ii) Flat rectangular feeler-gauges (10 mm x 70 mm) with thickness of 0.04, 0.07, 0.1, 0.15 
and 0.2 mm were introduced and removed periodically from between the rollers. Their 
introduction created an additional pressure in the cylinder and hence increased the force 
recorded by the load-cell. Each load/unload cycle was repeated four times for each of 
the thicknesses stated above.  
(iii) For each load/unload cycle (the term load means the insertion of the feeler-gauge in 
between the rollers, and the unload represents its removal), the difference between the 
load and unloaded forces were calculated. The averages and the standard deviation of 
these differences are presented in Table 7. 
Table 7 Summary of the averages and the standard deviations for the increases in the force measured 
by the load-cell as a function of the thickness of the feeler gauges. 
 
 
With reference to Table 7, it was found that the output forces recorded by the load-cell were 
only dependent on the thickness of the feeler gauges, and independent of the initial pressures. 
Hence, it can be assumed that the output of the load-cell is independent of the initial pressure. 
In addition, the 4
rd
 order polynomial trend line for this dataset as indicated by Equation 11, 
was found to describe this behaviour with a R
2
 greater than 0.99.  
Median Stdev Median Stdev Median Stdev Median Stdev
0 0 0.07 0 0.067033 0 0.064226 0 0.065727 0.00
0.04 1.65 0.10 1.4175 0.155 1.5025 0.146828 1.361 0.259663 1.48
0.07 2.72 0.22 2.817 0.174748 3.0175 0.362985 3.091 0.119024 2.91
0.1 4.13 0.12 4.2275 0.075 4.3325 0.131909 4.401 0.102794 4.27
0.15 5.29 0.05 5.0325 0.037749 5.3225 0.023805 5.016 0.022174 5.16
0.2 5.52 0.08 5.4475 0.031091 5.7475 0.040311 5.276 0.080829 5.50
Thickness
[mm]
Median 
Average 
[kgf]
Initial force
 0.5 kgf  0.6 kgf 0.8 kgf 1.35 kgf
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y = 0.0012x4 - 0.0108x3 + 0.0278x2 + 0.005x + 0.0001  Equation 11 
 
Therefore, this relationship can be used to correlate the forces recorded by the load-cell 
(kilograms) and the thickness (millimetres) of the material traversing between the rollers. This 
conversion is based on having an initial applied pressure below 1.35 kgf when the rollers are 
in contact with the sample at the start of the test. In addition, because of the thickness of this 
cross-section of the tow is unknown when the process starts (the rollers are closed and an 
initial pressure is applied), only the relative thickness of the tow can be obtained. Since the 
aim was to understand the variability in the thickness of the tows for different unwinding 
methods and different positions/layers in the creels, it was not necessary to add any additional 
step or hardware for measuring the initial thickness. Thus, the method developed here was 
capable of imparting data on the variation of the thickness of an as-received tow. 
 
Figure 35 Representation of the increases of the force measured in the load-cell for the different initial 
forces and for the different thicknesses of the feeler gauges. 
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4.2.4 Thickness and width measurement using Hybon 2026 Tex 2400 
This experiment was performed with two creels from the same batch of PPG Hybon 2026 Tex 
2400. However, two methods were used to draw the tow from the creel: centre-pull and 
external-draw; a schematic illustration of the two processes is presented in Figure 36.  
The first creel was evaluated by extracting the tow from the inner bore (centre-pull). The 
advantage of this method to unwind the tow from the creel is that it can be performed without 
the help of any mechanical devices. However, centre-pull does introduce a twist to the line for 
each 360° extraction from the bore. The practical problem with twisting is that it results in 
lower spreading and a higher degree of irregularity in the thickness of the tow.  
The second creel was secured on a rig and the tow was unwound manually by turning the 
handle of the creel stand. This external-draw or drawing method to unwind the creel does not 
introduce any additional twist into the tow but it does require the manual unwind of the creel. 
In practice, this method of payout requires motors and tension-controllers to unwind the creel.  
               
 (i) (ii) 
 
Figure 36 Detail of the unwind method using with the PPG Hybon 2026 Tex 2400 creels: (i) centre-
pull; and (ii) external-draw. 
 
With the two techniques for unwinding the creels, the haul-off rate was fixed at 1,050 
mm/minute.  The data acquisition rates were 100 Hz for the load-cell and 5 Hz for each one of 
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the cameras. The 100 Hz sampling rate for the load-cell allowed the force generated by the 
tow (a function of its thickness) to be measured at 0.175 mm intervals.  The sampling rate of 5 
Hz for the cameras allowed the acquisition of the widths entering and exiting the pair of 
rollers at 3.5 mm intervals. The length of fibres tested for the two modes of unwinding is 
defined in Table 8. A schematic illustration defining the relative positions within the creel is 
shown in Figure 4. 
Table 8 Summary of the tow length tested as a function of the position of the tow into the creel for 
centre-pull and outside-draw methods for unwinding. These experiments were carried out on Hybon 
2026 Tex 2400 (PPG). 
  Centre-pull External-draw 
Position 
External 
layer 
Central 
layer 
Internal 
layer 
External 
layer 
Central 
layer 
Internal 
layer 
Top 5.16 m 5.56 m 5.00 m 6.14 m 5.75 m 5.35 m 
Middle 10.12 m 9.42 m 10.19 m 10.66 m 12.35 m 10.37 m 
Bottom 5.10 m 4.70 m 4.59 m 5.15 m 5.65 m 5.76 m 
Total analysed length 20.38 m 19.67 m 19.78 m 21.95 m 23.75 m 21.48 m 
 
A typical example of the width and thickness measurements via the cameras and the pressure 
load-cell as the tow traverses in between the pair of rollers is shown in Figure 37. The data of 
the load-cell were processed using Equation 11 for converting the force readings into the 
apparently thickness of the tow.  
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(i) 
 
(ii) 
Figure 37 Example of the typical measurements obtained during the experiments: (i) thickness 
measurements via the pressure load-cell; and (ii) the tow width measurements obtained by analysing 
the images taken by the input and output cameras. 
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Since the data from the load-cells and cameras were measuring at three different spatial 
points, there was a temporal offset for the measurements of the width in, thickness and width 
out for each tested section of the creel. This temporal offset was calculated using the relative 
distances from the rollers to the cameras and the traversing speed of the tow. Because the data 
were time stamped, the addition and subtraction of this temporal offset to the camera input 
and output time stamps respectively enabled the possibility of representing the superposition 
of the three measurements of the same section of the creel. An example of this superposition 
is shown in Figure 38, where a correlation between the changes in the thickness and width can 
be observed.  
It was found that in the experiments involving centre-pull, due to the existence of a much 
higher number of twists in the creel, the data from the cameras were not accurately correlated 
with the thickness measurements (after performing the addition and subtraction of the above 
mentioned temporal offset). This was attributed to the mechanical fixations deployed to drive 
the creel into the measurement rig, which made the twists tended to be concentrated below the 
camera-in section rather than traversing through the cylinders. This phenomenon caused non-
accurate width measurements when the data were spatially-correlated by the temporal offset. 
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(i) 
 
 
(ii) 
Figure 38 Magnification of the superposition of the data, after adding and substracting the temporal 
offset from the input and output cameras respectively: (i) a section of the tow with steady changes in 
the width/thickness; meanwhile the graph (ii) illustration of a twisted section. 
Twisted section 
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Due to the large number of points involved in the tests, statistical analysis was performed for 
each cluster using 30 equal intervals of data streams for classifying and calculating the mean 
and standard deviation. 
4.2.4.1 Thickness variation: external-draw experiments  
The data associated with the thickness of the tow from the creel for the external-draw 
experiments are shown in Figure 39, Figure 40 and Figure 41. The data for each Figure 
corresponds to a specific layer of the creel (external, centre and internal –see Figure 4) and 
includes the following information: (a) histogram of thicknesses for the specified layer of the 
creel; (b) histogram of the thicknesses for tows obtained from the top, middle and bottom 
zones of the layer under study; and (c) summaries of the mean and the standard deviation for 
the measured thicknesses. The reading “0”, which appears in all the histograms, corresponded 
to the minimum thickness measured in each experiment. As explained before, the data 
calculated were not absolute (the initial thickness was not measured) and hence, only relative 
changes of thickness were obtained. 
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4.2.4.1.1 External layer  
 
(i) 
 
     
 (ii) (iii) 
 
    
  (iv) (v) 
Figure 39 Summary of the thickness of a tow where the bundle was unwound using external-draw. 
Figure 39 (i) shows the thickness variation for the full experiment. Figure 39 (ii), (iii) and (iv) 
represents the thickness variation in the top, middle and bottom zones for the external layer of the 
creel. Figure 39 (v) shows the mean and the standard deviation for the thickness variation for each zone 
in the external layer of the creel.   
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4.2.4.1.2 Centre layer  
 
(i) 
 
      
 (ii) (iii) 
 
    
  (iv) (v) 
Figure 40 Summary of the thickness of a tow where the bundle was unwound using external-draw. 
Figure 40 (i) shows the thickness variation for the full experiment. Figure 40 (ii), (iii) and (iv) 
represents the thickness variation in the top, middle and bottom zones for the middle layer of the creel. 
Figure 40 (v) shows the mean and the standard deviation for the thickness variation for each zone in 
the centre layer of the creel. 
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4.2.4.1.3 Internal layer  
 
(i) 
 
       
 (ii) (iii) 
 
     
  (iv) (v) 
 
Figure 41 Summary of the thickness of a tow where the bundle was unwound using external-draw. 
Figure 41 (i) shows the thickness variation for the full experiment. Figure 41 (ii), (iii) and (iv) 
represents the thickness variation in the top, middle and bottom zones for the inner layer of the creel. 
Figure 41 (v) shows of  the mean and the standard deviation for the thickness variation for each zone in 
the inner layer of the creel. 
 
 75 
 
4.2.4.1.4 Summary of the external-draw experiments 
The mean and standard deviation shown previously in Figure 39, Figure 40 and Figure 41, 
have been consolidated in Figure 42. This gives a full description of the thickness variation 
for the centre-pull experiment. As before, the columns represent the mean and the error bars 
the ± standard deviation. 
 
Figure 42 Summary of the external-draw experiments where four sets of data are shown with the mean 
(coloured columns) and the ± standard deviation (error bar): the first dataset compares all the points for 
each layer, and the next three datasets compare the widths for the top, middle and bottom layers. 
 
In summary, the highest thickness was found in the bore regions (top, mid and bottom) and 
this reduced accordingly as the diameter was increased (centre and external layers). However, 
this change in the thickness of the tow was not linear; it varies from 0.04 mm in the internal 
layer to approximately 0.029 and 0.027 in the central and external layers respectively. 
4.2.4.2 Thickness variation in the tow: centre-pull experiments 
Figure 43, Figure 44 and Figure 45 show the data for the centre-pull experiments where the 
data are organised in the same format as in Section 4.2.4.1. 
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4.2.4.2.1 External layer  
 
(i) 
 
      
 (ii) (iii) 
    
  (iv) (v) 
Figure 43 Summary of the thickness of a tow where the bundle was unwound using centre-pull. This 
dataset represents the outer zone of the creel. Figure 43 (i) shows the thickness variation for the full 
experiment. Figure 43 (ii), (iii) and (iv) represents the thickness variation in the top, middle and bottom 
zones for the external layer of the creel. Figure 43 (v) shows the mean and the standard deviation for 
the thickness variation for each zone in the external layer of the creel. 
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4.2.4.2.2 Centre layer  
 
(i) 
 
       
 (ii) (iii) 
 
       
  (iv) (v) 
 
Figure 44 Summary of the thickness of a tow where the bundle was unwound using centre-pull. This 
dataset represents the mid zone of the creel. Figure 44 (i) shows the thickness variation for the full 
experiment. Figure 44 (ii), (iii) and (iv) represents the thickness variation in the top, middle and bottom 
zones for the mid layer of the creel. Figure 44 (v) shows the mean and the standard deviation for the 
thickness variation for each zone in the mid layer of the creel.  
 78 
 
4.2.4.2.3 Internal layer  
 
(i) 
       
 (ii) (iii) 
 
   
  (iv) (v) 
 
Figure 45 Summary of the thickness of a tow where the bundle was unwound using centre-pull. This 
dataset represents the inner zone of the creel. Figure 45 (i) shows the thickness variation for the full set 
of experiments. Figure 45 (ii), (iii) and (iv) represents the thickness variation in the top, middle and 
bottom zones for the inner bore layer of the creel. Figure 45 (v) shows the mean and the standard 
deviation for the thickness variation for each zone in the inner layer of the creel.  
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4.2.4.2.4 Summary of the centre-pull experiments 
The means and standard deviation shown in Figure 43, Figure 44 and Figure 45 have been 
consolidated in Figure 46, summarising the full description of the thickness variation of the 
tows when they are unwound using the centre-pull method. As before, the columns represent 
the mean and the error the ± standard deviation. 
 
Figure 46 Summary of the centre-pull experiments where four datasets are shown with the mean 
(coloured columns) and the ± standard deviation (error bars). The first dataset compares all the points 
for each layer. The remaining three datasets compare the widths of the tow in the top, middle and 
bottom positions of the creel.  
 
As observed in the external-draw experiments, considering only the thickness variations with 
regards to the defined layers and without considering the position within the creel (top, mid, 
bottom), there is a trend where the higher thickness in located close to the core or bore of the 
creel. Besides, the thickness of the tows decreases when traversing to the outer layers of the 
creel. Considering the positions within the creel (top, mid, bottom), this trend is not consistent 
possibly due to the creation of twists as the fibre is unwound via centre-pull.  This in turn 
causes significant variability in the thickness. 
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4.2.4.3 Thickness comparison between centre-pull and external-draw 
The comparison between centre-pull and external-draw is shown in Figure 47. It demonstrates 
that although the creels are from the same reference and batch numbers, as expected, there is a 
significantly higher variation, with a higher standard deviation, when the tow is unwound by 
centre-pull. 
 
 
Figure 47 Measured  thickness of the tow as a function of the method of un-winding technique. The 
data are presented in two datasets which shown the mean (colour-coded columns) and the ± standard 
deviation (error bars). 
 
Both unwinding methods, without considering the pre-defined zones of the creel (top, middle 
or bottom), show that there is a clear trend where the thickness of the tow is higher in the 
bore, and it decreases when traversing to the outer surface. It is speculated that this trend is 
most likely due to the manufacturing method of the glass described in Section 2.2. In other 
words, this variation is probably caused by the differences in the tension when the fibres are 
wound to form the creel.  
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In addition, the external-draw method showed lower variations in the mean thickness of the 
tow along with lower standard deviations than when centre-pull is used. This effect can be 
explained via the introduction of twists when a centre-pull method of unwinding is used.  The 
twist introduced a decrease in the width and thus an increase in the thickness; the random 
position of these twists created a higher variability in the readings. 
4.2.4.4 Width variation in the tow: external-draw experiments 
A summary of the widths obtained by the tow-input and output cameras for each one of the 
three layers is shown in Figure 48. The consolidated data for comparison purposes are 
presented in Figure 49. 
     
 (i) (ii) 
       
 (iii) (iv) 
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 (v) (vi) 
Figure 48 Summary of the relative tow widths measured by the tow input and the output cameras for a 
creel of  Hybon 2026 Tex 2400 (PPG).  Here the tow was unwound by external-draw. Figure 48 (i) and 
(ii) show the distribution of the tow widths for the external layer. Figure 48 (iii) and (iv) show the 
distribution of the readings in the centre layer; and Figure 48 (v) and (vi) show the distribution of the 
readings in the internal layer. 
 
     
 (i) Width measurements using the input camera (ii) Width measurements using the output camera 
 
Figure 49 Consolidated data tow width for the various layers and zones for the creel.  The histograms 
represent data acquired by the input and output cameras as the tow enters and leaves the pair of rollers.  
This dataset is for the a creel of PPG Hybon 2026 Tex 2400, unwound using the external-draw method. 
 
With reference to the consolidated data presented in Figure 49, the first conclusion is that the 
process of passing the tow in between the pair of rollers spreads them slightly but this renders 
the width with more uniformity with a lower degree of variability. However, with regards to 
the analysis of the different clusters (zones and layers), no obvious trend was observed even 
though the expectation was to see a trend, similar to that observed for the thickness of the tow.  
Possible reason for this uniformity in the tow width measurements may be attributed to one or 
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more of the following: (i) since the cameras effectively measured the widths in air (not in 
contact with a surface), the applied tension would draw the filaments together; (ii) the applied 
pressure via the pair of rollers may have been too high thus spreading the tow unintentionally; 
and (iii) the data indicated that the vibrations introduced in the line during the experiment may 
have created some distortions in the width reading and hence the loss of some precision.  Any 
vibration introduced in the experimental setup may have generated a small relative angular 
displacement between the tow and the measurement planes, thus creating an artificial and 
variable factor in the datasets.  
4.2.4.5 Width measurement: centre-pull experiments 
These experiments where the tow was unwound from the creel via centre-pull were carried 
out in a similar manner as described in Section 4.2.4.4. The data are organised in a similar 
format as before: a summary of the widths obtained by both cameras for each one of the three 
layers and the consolidated data for comparison purposes are presented respectively in Figure 
50 and Figure 51. 
     
 (i) (ii) 
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 (iii) (iv) 
 
       
 (v) (vi) 
 
Figure 50 Summary of the relative tow widths measured by the tow input and the output cameras for a 
creel of  Hybon 2026 Tex 2400 (PPG).  Here the tow was unwound by centre-pull. Figure 50 (i) and 
(ii) show the distribution of the tow widths for the external layer. Figure 50 (iii) and (iv) show the 
distribution of the readings in the centre layer; and Figure 50 (v) and (vi) show the distribution of the 
readings in the internal layer. 
 
 
        
 (i) Width measurements using the input camera (ii) Width measurements using the output camera 
Figure 51 Consolidated data tow width for the various layers and zones for the creel.  The histograms 
represent data acquired by the input and output cameras as the tow enters and leaves the pair of rollers.  
This dataset is for a creel of PPG Hybon 2026 Tex 2400, unwound using the centre-pull method. 
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With reference to the centre-pull experiments, as expected, the variability in the widths is 
higher due to the presence of twists as discussed previously. A notable feature of the data 
presented in Figure 51 is that the width increases as the diameter of the bore increases during 
centre-pull experiments. This observation may be caused by the introduction of fewer twists 
per unwinding length as the diameter of the creel was increased.  This can create a lower 
clustering of the twists in the tow and thus lead to a general increase in the apparent width.  
This observation suggests that creels with a smaller bore will introduce more twists if the 
fibres are subjected to centre-pull. 
4.2.4.6 Width comparison between both unwinding methods 
A comparison is established in the Figure 52 consolidating the data from each layer with 
regard to the unwound method. This information clearly shows that the width using external-
draw is bigger than that obtained using centre-pull which means a higher thickness. In 
addition, the variability of the readings is lower using external-draw. 
   
 (i) (ii) 
Figure 52 Width comparison by layers for the two unwind methods showing; (i) the width as measured 
by the input camera or before passing through the rig; and (ii) the width as measured by the output 
camera or after passing through the rig. The columns show the means, and the error bars represent the 
± standard deviation. 
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4.2.5 Tension measurements 
The load-cell for monitoring the tension in the tow generated exactly in the same manner to 
that described for measuring the pressure in Section 4.2.4. The sampling rate was 100 Hz with 
a line speed of 1050 mm/minute. This permitted data acquisition of the tension each time 
0.175 mm of fibre travel in between the rollers.  Details of the experimental parameters were 
presented in Table 8. An example of the information recorded from both load-cells is given in 
Figure 53. 
Due to the low pressure applied within both cylinders during the tests performed (as the remit 
was not to change the geometry of the tow), the readings for the tension created within the 
tow were not used for extracting any conclusion about the changes in the geometry.  
 
Figure 53 Superposition of the readings of the pressure load-cell (red, with scale on the right) and the 
tension load-cell (blue, with scale in the left) during 150 seconds.  
 
As it was explained before, changes in the thickness of the tow were measured by the pressure 
load-cell by the movement of the upper roller against a pressurised pneumatic cylinder (red 
 87 
 
series of Figure 53). This phenomenon creates very small changes in the line tension up to 
±0.1 kg.f as recorded by the tension load-cell (blue series in Figure 53). It is emphasised that 
for all the experiments, the profile in the tension was nearly a scaled copy of the pressure 
profile. This denotes the high sensitivity of a load-cell when it is placed in a suspended 
position (see Figure 13 and Figure 14). 
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5 Conclusions 
a. A literature review was carried out to establish the state-of-the-art with regard the fibre 
spreading and in-situ monitoring of the impregnation process. This study concluded that 
there was merit in developing a low-cost image analysis-based system to enable real-time 
monitoring of the width of the bundle and the impregnation process (axial, transverse and 
through-thickness). 
b. A coding system was used to define the relative positions of the tows of within the creel. 
c. A pair of low-cost CMOS-cameras was purchase and a platform was designed and built to 
accommodate the cameras and a section of the tow. A custom LED-based lightning 
system was designed, constructed and installed. The fixture for housing the tow enabled 
the tow to be positioned in the same location for the various experiments. An enclosure 
was built out of card-board to exclude the stray-light. Two orifices were introduced into 
the card-board shield to enable a micro-pipette to be located such that its tip was 
positioned over the centre of the tow. The second orifice was used to locate a UV probe to 
“freeze” the motion of the photo-curable resin. The top-camera was used to enable fine 
adjustment of the tip of the micro-pipette in such a way that the drop of resin was always 
dispensed on the centre of the tow. 
d. Custom-written software in LabVIEW was used to track “the motion” of the drop of resin 
in the axial and transverse directions via the top-camera. The bottom camera was used to 
infer the through-thickness permeation. 
e. It was necessary to use a pigmented photo-curable resin because of the contrast of the as-
received resin was poor. The photo-curable feature was used for “freezing” the movement 
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of the resin by the application of an appropriate UV-light. The samples containing the 
cross-linked resin were used during the calibration of the system.  
f. With regard to the on-line monitoring of the width of the tow, a rig was designed and built 
to monitor the thickness (via load-cells). The real-time monitoring of the width was 
carried out via a pair of CMOS-cameras. 
g. Custom-written software in LabVIEW was used to track and visualise the thickness and 
the width of the tow in real-time. 
h. Since it was necessary to pigment the resin to improve the contrast, a series of parallel-
plate rheological experiments were carried out to determine the viscosity of the as-
received and pigmented photo-curable resin. The viscosities of the as-received and 
pigmented photo-curable resin (0.5 in wt %) were found to be 3.7 and 4.1 Pa.s at 20 °C 
respectively. 
i. The maximum error associated in measuring the perimeter of the drop of resin as function 
of impregnation time using the top camera was found to be 7%. In the case of the bottom 
camera the maximum error was calculated to be 8%. 
j. With respect to the axial, transverse and through-thickness impregnation process, it was 
found that the fibres from PPG showed much faster impregnation than the Owens 
Corning. Besides, different evolution trends were found for both different manufacturers 
(polynomial VS nearly-linear respectively). Regarding the PPG fibres spreading the fibres 
by an average of about 220%, enabled an increase of about 700% in the through-thickness 
impregnation in comparison with the as-received fibres during the first 50 seconds of the 
test. This demonstrates that by spreading the fibres the impregnation rate can be increased 
dramatically.  
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k. The permeability values of the different experiments were calculated, and it was found 
that a spreading of 200% increased the axial permeability by nearly 250%. The 
permeability values of the as-received fibres were found approximately four times higher 
than at calculated using the Gebart’s equation; this is possibly because of the specific 
characteristics of the experimental setup. 
l. Visual analysis of the “frozen” samples demonstrated conclusively that the images taken 
during the resin permeation process from the top and bottom faces of the tow correlated 
with the observed permeation front. 
m. It was demonstrated that the technique developed in this study can be used to enable real-
time monitoring of the thickness of the tow when the tow is extracted by centre-pull or 
external-draw. 
n. When centre-pull was used, a higher average thickness was detected with a higher 
standard deviation. The average thickness when the centre-pull unwinding method was 
used was found to be around 35% higher in the external and centre layer, and around a 
105% higher in the internal layer. In both payout methods (centre-pull and external-draw), 
the average thickness was found to decreased as the diameter of the creel increased. The 
same conclusions were obtained with the analysis of the width for both unwinding 
methods: the width when external-drawn was found to be consistently higger than when 
centre-pull was used. 
o. The technique developed in this study can be used to enable real-time monitoring of the 
width and thickness of the tow. 
p. The image-analysis-based technique can be used to study the effects of fibres from 
different suppliers with regard to the impregnation process. 
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6 Future work 
The following topics are worthy of further research. 
(i) The technique for measuring the widths of the fibres should be implemented on a filament 
winding line and this could be correlated to the degree of impregnation that can be attained as 
a function of twists.  The observation that the number of twists decreases as the diameter of 
the inner bore increases could have implications and may explain the variability in the void 
contents observed in filament winding where the tow is extracted via centre-pull. 
(ii) The tow width measurement technology developed and demonstrated here could be used 
to quantify in real-time the effectiveness of techniques for enabling fibre spreading [7]. 
 (iii) The technology developed here for monitoring the rate of axial, transverse and through-
thickness impregnation could be used to validate the various models published by other 
researchers on modelling the impregnation process. 
(iv) The technology developed here can also be used to study the effect of specified surface 
treatments on the rates of impregnation. 
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